The potential for enhanced methane production and geologic sequestration of carbon dioxide in unmineable coal seams needs to be evaluated before large-scale sequestration projects are undertaken. Coal is known to competitively adsorb carbon dioxide and methane gases. Laboratory experiments indicate that coal will swell when a gas is adsorbed and shrink when a gas is desorbed. The swelling and shrinkage may change the cleat porosity and permeability of the coal. This paper deals with the influence of shrinkage and swelling of coal on the production of methane from, and injection of carbon dioxide into, a coalbed reservoir. A threedimensional swelling and shrinkage model was developed. This model is based on constitutive equations that account for coupled fluid pressuredeformation behavior of a porous medium that undergoes swelling and shrinkage. The swelling and shrinkage strains are computed on the basis of the amounts of different gases adsorbed or desorbed. The permeability of the reservoir is modified by the shrinkage or swelling. The paper presents numerical results on the reservoir performance during injection of carbon dioxide in a previous field test that has been reported in the literature. The results indicate that coal swelling and shrinkage can influence the production rates and reservoir pressure distribution in the field.
Introduction
Emissions of greenhouse gases such as carbon dioxide have grown progressively for many years. Anthropogenic carbon dioxide emissions can contribute to global warming, and attempts are being made to identify methods to reduce them. Geologic sequestration has been identified as one of the methods for storage of carbon dioxide. One of the promising methods of geologic sequestration is to store carbon dioxide in unmineable coal seams. It has been reported that coal seams can hold large amounts of carbon dioxide in comparison to the amounts of methane gas that they contain (Burruss, 2003) . However, many technical and safety issues need to be investigated before such efforts can be undertaken.
There have been several previous studies to investigate different technical issues related to carbon dioxide sequestration (Bromhal et al., 2003; Mavor et al, 2004; Gorucu et al., 2005; Reeves and Oudinot, 2005) . These studies have addressed several important aspects of carbon sequestration in coal seams. One of the potential problems of injection of carbon dioxide into a coal seam is the swelling of the coal (Kelemen, et al., 2006; Mazumder, Bruining, and Wolf, 2006; Mazumder, Siemons, and Wolf, 2006; Pan and Connell, 2006) . While more laboratory research work is needed to resolve the exact amount of coal swelling, it is suspected that the swelling of coal will cause a reduction of permeability, which in turn may reduce injection volumes during large scale injection operations. This paper deals with the influence of shrinkage and swelling of coal on the production of methane from, and injection of carbon dioxide into, a coalbed reservoir.
As a part of the Coal-Seq project, analyses of a field study in the San Juan basin involving the injection of carbon dioxide for enhanced coalbed methane recovery recently were performed by Reeves and coworkers (Reeves et al, 2003; Reeves and Oudinot, 2005) . In the work reported here, the influence of coal swelling and shrinkage on the reservoir performance of the reported field project was investigated by using a new swelling and shrinkage model. results of several reservoir simulations of the reported field study. Results from the present study are compared with the previous studies published in the literature (Reeves et al, 2003; Reeves and Oudinot, 2005) .
Methodology
A theoretical model for stress-dependent permeability caused by matrix shrinkage under uniaxial strain conditions previously was presented in the literature (Palmer and Mansoori, 1996) . Recently, a generalized three-dimensional swelling and shrinkage model (SS Model) was developed and theoretical details of this model can be found elsewhere. This model was implemented in an existing reservoir model, PSU-COALCOMP, and several example problems were solved. Results from the analysis of a reported field project (Reeves et al, 2003; Reeves and Oudinot, 2005) of coal-seam injection and methane production are presented herein.
It is anticipated that when carbon dioxide is injected into a coal seam while methane is produced from the same layer, the seam will undergo simultaneous swelling and shrinkage at different locations, depending upon the gas composition and pressure at each location. There have been numerous research investigations on the reservoir modeling of gas flow in coal seams (King and Ertekin, 1989; Law et al., 2002; Reeves and Oudinot, 2005; Smith et al., 2005) . In many earlier investigations, the influence of swelling and shrinkage of the reservoir matrix on the reservoir permeability was not considered. There are several important processes that take place during the injection of CO 2 and the production of methane. The flow and composition of gases in a reservoir can be analyzed by using a petroleum reservoir model. A second important process is the swelling and shrinkage of the reservoir matrix. The magnitude of swelling and shrinkage volumes depend on the amount of adsorption of CO 2 and the amount of desorption of CH 4 . In the generalized three-dimensional model presented in this paper, the swelling and shrinkage strains of the matrix material are expressed as given below. The swelling strain can be expressed as:
In equation (1), sw v ε is the volumetric swelling strain, C sw is the swelling constant, and V a is the adsorbed volume of the gas that causes swelling of the matrix. The shrinkage strain can be expressed as:
In equation (2), sh v ε is the volumetric shrinkage strain, C sh is the shrinkage constant, and V d is the volume of the desorbed gas that causes shrinkage of the matrix. The coal will swell when carbon dioxide or methane is sorbed into the coal matrix. Similarly, the coal will shrink when a gas is desorbed. Together, equations (1) and (2) allow for the possibility of "swelling/shrinkage" hysteresis; that is, the (absolute value of the) volume a sample of coal shrinks upon giving off a certain amount of gas may not equal the volume it swells upon taking up that same amount of gas of the same composition. The amount of swelling or shrinkage will depend on the gas type as well as the adsorbed and desorbed volumes of each gas. The volumes of adsorption and desorption depend on the gas pressure as given below:
Here, f 1 and f 2 are functions of the gas pressure. Just as equations (1) and (2) allow a given amount of gas to produce different amounts of coal swelling and shrinkage upon sorption and desorption, equations (3) and (4) allow hysteresis in the sorption isotherms. That is, the amount of gas sorbed at a given gas pressure may depend on whether that pressure is approached from smaller or greater pressures.
Three different models are provided for the sorption isotherms within the reservoir engineering code to which the SS model was added; these are the Langmuir, Toth, and UNILAN equations (Manik et al., 2002) . In this study, Langmuir sorption isotherms were assumed for both the methane and carbon dioxide.
Matrix strains also are caused by changes in stresses, pore pressure, and temperature. The constitutive relationship for the coal matrix in the incremental form can be written as:
where σ ij = stress tensor ε ij = strain tensor p = pore pressure G = shear modulus K = bulk modulus α = poroelastic constant.
The bulk modulus (K) and shear modulus (G) can be expressed as a function of elastic modulus and Poisson's ratio as described elsewhere (Desai and Siriwardane, 1984) . Equation (5) can be inverted to determine the volumetric strain, ε v. The volumetric strain can be expressed as:
where ε xx , ε yy , and ε zz are the linear strains in the x-, y-, and z-directions, respectively. Volumetric strains will cause a change in porosity of the rock mass. The change in porosity can be calculated on the basis of volumetric strain. Isothermal conditions were assumed in this study. The permeability of the material was assumed to vary according to the cubic equation (Palmer and Mansoori, 1996) as shown below:
In this study k 0 is the reference state permeability and φ 0 is the reference state porosity. In primary coalbed methane simulations, it usually is convenient to take this as the connate gas state, before production begins. In laboratory experiments that start with totally degassed coal, the reference state often is most conveniently chosen as zero concentration(s) of any sorbed gas(es).
Various simulators have been formulated either empirically or analytically to model methane production from coalbeds. These simulators were reviewed in the literature (King and Ertekin, 1989) .
The swellingshrinkage model (SS Model) described in the preceding section was implemented in an existing reservoir model (Manik et al., 2002) , which has been used in several previous studies (Bromhal et al., 2003; Gorucu et al., 2005) and "validated" in a comparison study (Gunter et al., 2005 ). This reservoir model was PSU-COALCOMP (Manik et al., 2002) . The production performance of the primary and/or the enhanced recovery of coalbed methane reservoirs can be modeled by using the simulator.
PSU-COALCOMP is a three-dimensional, dual porosity, fully implicit, coalbed methane reservoir simulator that couples the composition fluid flow equation with multi-component gas sorption formulation. In this reservoir model, the amounts of adsorption and desorption of multi-component gas mixtures are computed by use of single-component sorption isotherms and the Ideal Adsorbed Solution Model (IAS). Mathematical details of the multi-component sorption model used in this reservoir model are given elsewhere (Manik et al., 2002) . The numerical procedure used in the study described here utilized the Langmuir sorption equation for each of the gas components to match adsorption data. Therefore, Langmuir isotherm parameters for each gas component in the reservoir need to be provided as input parameters to the model.
To provide a more rigorous treatment of deformation of the coal matrix, PSU-COALCOMP was modified to include the SS-model, so that the coal matrix properties change both because of fluid pressure differences, and because of the fluid(s) desorbed and/or adsorbed during the injection of carbon dioxide and/or the production of methane.
Results and Discussion
In order to illustrate the performance of the SSmodel, several hypothetical well-behaved examples first were considered. These "test problems" were not intended to be typical of any particular field, or even necessarily to be geologically, chemically, or physically realistic. Instead, they were intended to be tests of the SS-model, and of the computer code written to solve its equations. Results (not given here) from these test problems have shown that the numerical schemes used in the model perform satisfactorily over a wide range of parameters.
The example considered in this paper is the Allison unit project in San Juan basin (Reeves et al, 2003) . Reservoir geometry, characteristics and other pertinent information for this site are presented in the literature (Reeves et al, 2003; Reeves and Oudinot, 2005) . The reservoir consists of 16 production wells, 4 injection wells, and one pressure observation well (POW). The input data for the study presented in this paper are shown in Table 1 and Table 2 . The porosity map for the reservoir is reported elsewhere (Reeves et al, 2003; Reeves and Oudinot, 2005) . The average porosity value is approximately 0.2% for the reservoir. In this study, the porosity value was varied in the range of 0.2% to 0.4%. The permeability for the reservoir was taken from published data (Reeves et al, 2003; Reeves and Oudinot, 2005) . The swelling and shrinkage constants were not available, and therefore, different values (Table 2) were assumed in the analysis in order to match reported data (Reeves et al, 2003; Reeves and Oudinot, 2005) .
The analysis was performed by prescribing the flow rates for each well. The bottomhole pressures were computed for different values of reservoir porosities, as well as for different values of the swelling and shrinkage constants. The computed pressures were compared with reported data, as shown in the figures. Three cases were considered to investigate the influence of swelling and shrinkage on reservoir performance. Assumed material constants for these three cases are shown in Table 2 . The first analysis (SS3) was carried out to determine the influence of porosity on reservoir pressure without any swelling or shrinkage in the reservoir. Variation of reservoir pressure at the producer # 130 with time is shown in Figure 1 for different porosity values. As can be seen from this figure, model predictions in this study fall below the reported data (Reeves et al, 2003) . The sensitivity of reservoir pressure to the porosity is seen from this figure. The model predictions seem to get closer to the actual data that are given in the literature (Reeves et al, 2003) when the porosity was increased to 0.4%. The influence of swelling and shrinkage on the reservoir pressure at the producer well # 130 is shown in Figure 2 . The assumed values of swelling and shrinkage constants (SS2, Table  2 ) seem to increase the pressure slightly at this location.
The influence of porosity on the bottomhole pressure at producer well # 113 is shown in Figure 3 . As can be seen from this figure, the computed pressure corresponding to a porosity of 0.4% falls below the values reported in the literature (Reeves et al, 2003 ).
An analysis was conducted to investigate the influence of swelling and shrinkage on the reservoir performance by using all of the combinations of swelling/shrinkage properties listed in Table 2 . The influence of swelling and shrinkage on reservoir pressure at the producer well # 113 is shown in Figure 4 . This figure shows computed pressures corresponding to a porosity value of 0.2%. All of the computed pressures appear to over-predict the measured data reported in the literature (Reeves et al, 2003) .
Another analysis was conducted to investigate the influence of swelling and shrinkage on the reservoir pressure by using a porosity value of 0.4%. Results from this analysis are shown in Figure 5 for the pressure at producer well # 113. Results show that when the swelling and shrinkage parameter values of SS2 (Table  2) were introduced into the model, the computed pressure at the producer well # 113 appeared to slightly over-predict the measured data reported in the literature (Reeves et al., 2003) .
Summary and Conclusions
A generalized three-dimensional shrinkage and swelling model (SS model) was implemented in an existing reservoir simulator. This model is based on constitutive equations that account for coupled fluid pressure-deformation behavior of a porous medium that undergoes swelling and shrinkage. The shrinkage and swelling strains were computed on the basis of the amounts of different gases adsorbed or desorbed. The permeability of the reservoir was modified by the shrinkage or swelling.
Results for an example problem involving field injection of CO 2 were presented. The results show that adsorption or desorption of methane and carbon dioxide contribute to the change in porosity of the coal seam. The porosity, swelling constant, and shrinkage constant all had a significant influence on the computed bottomhole pressures. For the range of properties used in this study, an increase in porosity lowered the bottomhole pressure in the reservoir. An increase in the swelling constant decreased the bottomhole pressure, while an increase in the shrinkage constant increased the pressure. While the results are based on assumed values of reservoir and swelling/shrinkage properties, they show that the swelling/shrinkage of coal may cause significant changes in permeability that result in significant reservoir-pressure effects. Therefore, the influence of shrinkage and swelling of coal on the sequestration operations needs to be thoroughly investigated.
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